Fe-Si melt is a candidate for use as an alloy solvent for rapid liquid phase growth of SiC because of the high solubility of carbon in molten iron. In this work, the equilibrium phase relationship between SiC and the liquid phase of the Fe-Si-C system was studied to determine the optimal composition of a high SiC content solvent. The solubility of carbon in molten silicon was examined and the thermodynamic properties of the liquid phase in the Si-C system were reassessed. The phase relationship between SiC and Fe-Si melt was investigated by the equilibration technique at 1523-1723 K. It was found that Fe-36 mol% Si alloy equilibrates with SiC at the corresponding temperatures. The equilibrium phase relationship between SiC and various compositions of Fe-Si melts was studied by using thermodynamic calculations. The results indicated that SiC is far more soluble in iron-rich Fe-Si melt than in silicon-rich melt. The Fe-Si melt of Fe-36 mol% Si composition possessing high SiC solubility should be a suitable solvent for rapid liquid phase growth of SiC.
Introduction
Silicon carbide (SiC) has attracted attention as a basic semiconducting material for high temperature electronics and high power switching devices due to its wide bandgap, high electrical breakdown field and high thermal conductivity.
Physical vapor deposition (PVD) is the standard method for bulk growth of SiC but it requires high temperatures of above 2200 K. The development of a low temperature method for SiC material production is required before widescale use of SiC. The liquid phase growth technique is a possible method for the low temperature production of SiC.
Several researchers have investigated liquid phase growth of SiC using silicon-based alloy solvents such as Si-Ge or SiTi melts for epitaxial growth on a SiC substrate. 1, 2) It was found that although epitaxial growth is achieved the growth rate is not as high as that obtained with the PVD method. This may be caused by the low solubility of carbon in the solvent which is 80 ppmw at 1800 K in molten silicon. 3) We thus focused on the Fe-Si solvent because of the high solubility of carbon in molten iron. The low eutectic points of the Fe-Si system can be effectively used for liquid phase growth at lower temperatures than has previously been done. 1, 2) Information on the Fe-Si-C ternary phase diagram is limited in the iron-rich corner 4) and only a few reports dealing with the liquid phase region saturated with SiC are available.
5) The objective of this study is to investigate the equilibrium phase relationship between SiC and the liquid phase for the purpose of Fe-Si solvent design. The Gibbs energy for the liquid phase in the Fe-Si-C system was investigated to clarify its equilibrium phase relationship. Unreliability in the thermodynamic properties of the Si-C system was found from the disagreement in the calculated liquidus 4) with the experimental compositions 3) while precise data was reported for the Fe-Si and Fe-C systems. 6, 7) We measured carbon solubility in molten silicon at 1873 K by equilibration of silicon with SiC to confirm the validity of the previously reported values. Thermodynamic properties of the liquid phase in the Si-C system were reassessed based on reliable solubility data.
The phase relationship between the Fe-Si melt and SiC in the Fe-Si-C ternary system was investigated by an equilibration technique at 1523-1723 K and was studied using thermodynamic calculations.
It was found that the Fe-Si melt of Fe-36 mol% Si composition which possesses high SiC solubility should be a suitable solvent for the liquid phase growth of SiC.
Equilibrium Phase Relationship between SiC and
Molten Silicon
Measurement of carbon solubility in molten silicon
A measurement of carbon solubility in molten silicon was carried out in an induction furnace (400 kHz). Four grams of semiconductor grade polycrystalline silicon (12N) and a piece of single crystalline hexagonal SiC were inserted into an alumina Tammann tube (12 mm). The sample was placed in a graphite container and heated at 1873 K for 15 and 30 min under an Ar-10% H 2 atmosphere. After heating, the sample was crushed into lumps and surface polished to remove attached SiC particles. Carbon analysis was conducted by the combustion-IR absorption method. Figure 1 shows the time dependence of the carbon content in molten silicon at 1873 K. Although scattering was observed the minimum values were in agreement regardless of the holding time. The deviation from minimum values may be attributed to entrapped SiC inclusions due to the good wettability of molten silicon with SiC.
8) The carbon solubility in molten silicon at 1873 K was thus estimated to be 120 ppmw from the average of the minimum values.
Previous work measuring the carbon solubility in molten silicon is summarized in Table 1 . The measured solubility from this work is plotted in Fig. 2 together with the literature values. A large scattering is observed and values are dependent on the experimental conditions. Hall 9) placed the SiC crystals on molten silicon in a quartz crucible and determined the solubility from the weight loss of SiC. The loss of SiC mass is inevitable, however, due to its reaction with dissolved oxygen from the crucible to form mainly CO gas and may give larger values than other methods. Suhara et al. 10) added SiC crystals to molten silicon and removed the suspended SiC in the molten silicon with a SiO 2 filter. In this method the measured carbon content may include an error due to minute particles that remain in the filtered silicon. Yanaba et al. 11) conducted a phase equilibration of silicon with SiC under an Ar þ CO atmosphere, but in this method, additional SiC is formed by the reaction between silicon and CO gas leading to SiC contamination in the melt. Nozaki et al. 12) carried out the float zone method on a carbon-doped silicon rod and reported an equilibrium distribution coefficient together with the carbon solubility in SiC saturated solidified silicon. In this method, however, solute trapping to solid silicon is inevitable at the rapid solidification of over 3.5 mm/min, and the carbon solubility in molten silicon is thus probably overestimated. Scace et al.
3) investigated the phase equilibrium between molten silicon and SiC in graphite or alumina crucibles and measured carbon solubility by SiC gravimetric analysis after precipitation of soluble carbon as SiC during solidification. They also reported a value for carbon solubility at the melting point of silicon which was determined from the weight loss of SiC during partial melting of silicon. Oden et al. 13) melted silicon in a graphite crucible and measured carbon solubility by a combustion-IR absorption method in the temperature range of 1973-2423 K. Although Scace et al.
3) and Oden et al. 13) conducted their experiments under equilibrium conditions Scace et al. 3) reported slightly greater carbon solubility. Analytical errors by Oden et al. 13) could be responsible as the relatively low temperature could cause difficulties in measuring the small amount of carbon as a result of the inadequate weight of silicon in the sample.
As the solubility value of 120 ppmw at 1873 K agrees with the tendency of the values obtained by Scace et al., 3) the liquidus in the Si-C system can thus be regarded to be well determined by Scace et al. Equilibrium Phase Relationship between SiC and a Liquid Phase in the Fe-Si-C System2.2 Assessment of the thermodynamic properties of the liquid phase in the Si-C system Based on liquidus compositions thermodynamic parameters for the liquid phase in the Si-C system are assessed as follows:
The formation reaction of SiC is described by eq. (1).
14;15Þ
The standard Gibbs energy change of eq. (1) is thus expressed by eq. (2).
where R is the gas constant and T is the absolute temperature. In addition, a i , i and x i are the activity, activity coefficient and concentration of component i, respectively. Regular solution behavior of the melt is assumed at the silicon-rich composition. Equation (2) rearranges to eq. (3) by substituting the regular solution parameter for activity coefficients of silicon and carbon.
Therefore, the regular solution parameter for the Si-C system may be calculated by eq. (4).
From the liquidus compositions of this work and the previous report by Scace et al.
3) Si-C values were calculated as shown in Fig. 3 . As no significant temperature dependence was observed in the temperature range of 1687-2800 K, where carbon content in molten silicon is below 6 mol%, the regular solution parameter was determined to be 8;700 AE 1;800 (J/ mol) by a least squares regression. The Si-C melt exhibits a slight positive deviation from Raoult's law. The obtained value was much larger than that reported by Lacaze et al. 4) of À133; 000 þ 30:97 T (J/mol), which has been used for the thermodynamic evaluation of ternary Fe-Si-C system. 16) This discrepancy might be caused by their inappropriate liquidus composition reference from the recommended phase diagram in the ASM handbook. 17) The phase diagram for the Si-C system was calculated using the assessed regular solution parameter in the liquid phase and the literature thermodynamic values for pure elements as well as for SiC. 14, 15) The calculated result is shown in Fig. 4 together with a phase diagram produced by using the parameter reported by Lacaze et al. 4) The liquidus line calculated with the assessed parameter reproduces the experimental liquidus well at compositions below 6 mol% C. The calculated decomposition temperature of SiC, estimated to be 3073 K, was similar to the 3103 AE 40 K reported by Scace et al.
3) The assessed regular solution parameter used for the Si-C system in the liquid phase was thus found to be appropriate for use below 6 mol% C.
Equilibrium Phase Relationship between SiC and Fe-
Si Melt 3.1 Measurement of SiC solubility in the iron-rich Fe-Si melt To achieve liquid phase growth of SiC at a high growth rate, the SiC should be highly soluble in the solvent, in addition to having a strong temperature dependence. The calculated phase diagram of the Fe-Si-C system as discussed in the following section indicated the existence of a liquid region with high SiC content of around Fe-35 mol% Si composition. The phase relationship between iron-rich Fe-Si melt and solid SiC was investigated at 1523-1723 K by the phase equilibration technique between two phases.
Experiments were carried out with a SiC resistance furnace as illustrated in Fig. 5 . Fe-30, 33 and 36 mol% Si alloys were prepared by melting high purity electrolytic iron (99.992%) and semiconductor-grade polycrystalline silicon (12N) in an alumina crucible at 1733 K under an argon atmosphere for 30 minutes and then quenched in water. Five grams of Fe-Si alloy together with a dense graphite tablet or a SiC compact were inserted into an alumina Tammann tube (12 mm) and kept in a furnace at each desired temperature for 16 or 24 hours under an argon atmosphere. Water in the argon gas was removed to prevent oxidation of the specimen by passing it through a silica-gel and magnesium perchlorate packed bed filter before introduction to the reaction tube. The holding time was determined from preliminary runs where the carbon content of the alloy reached constant value within 4 hours. SiC compacts were prepared by the following methods: Equimolar powder mixtures of silicon (5N) and carbon (3N) were compressed to form a disk at 50 MPa and then subjected to reactive liquid phase sintering by induction heating or spark plasma sintering (SPS) at temperatures higher than 1723 K under vacuum. After holding at the desired temperature for a predetermined time the sample was quenched in water. Carbon analysis of the alloy was carried out by the combustion-IR absorption method. Silicon content was measured by SiO 2 gravimetric analysis or ICP atomic emission spectrometry. Experimental results for the equilibrium composition of Fe-Si alloys saturated with SiC or graphite are shown in Table 2 . A typical microstructure of the interface between the Fe-Si alloy and a graphite tablet after equilibration (Sample C5) is shown in Fig. 6 . Formation of a SiC layer onto graphite can be observed. The Fe-36 mol% Si alloy was in contact with SiC when the alloy was kept with either a graphite disk or a SiC compact. No SiC layers were seen in the Fe-30 and 33 mol% Si alloys. The double saturation compositions of graphite and SiC at 1523-1723 K thus exist between 33-36 mol% Si. Chipman et al. 5) also reported comparable silicon content for the double saturation composition even though the carbon content seemed to be slightly lower than the content in this work.
The temperature dependence of SiC solubility in Fe-36 mol% Si alloy is shown in Fig. 7 . The solubility of SiC was defined as a mole fraction of SiC in the liquid phase for the quasi-ternary Fe-Si-SiC system and is defined in eq. (5).
where N i and N 0 i are the molar amounts of component i in the Fe-Si-SiC and Fe-Si-C systems, respectively.
The solubility of SiC was determined to be slightly higher when using a graphite block than a SiC compact. This is attributed to an increase in the composition ratio of (Fe/Si) in the melt for the reaction of silicon with carbon for the formation of SiC. An increasing tendency in SiC solubility was observed with an increase in temperature.
Thermodynamic calculations of the phase relation-
ship between SiC and the liquid phase in the Fe-Si-C system In this section, the equilibrium phase relationship between SiC and the liquid phase in the Fe-Si-C system is evaluated by thermodynamic calculations and compared with the experimental results to determine the optimal composition of the liquid phase with high SiC solubility. The measured SiC solubilities in the Fe-Si melt in the previous section were not used for the calculations.
The excess molar Gibbs energy in the liquid phase is described by a Redlich-Kister type polynomial given by eqs. (6) and (7). Contributions of the binary Fe-Si, Fe-C and Si-C systems are taken into account and that of the ternary Fe-Si-C system is omitted.
where L iÀj;liq represents an interaction parameter between components i and j in the liquid phase which is dependent on temperature and composition. The value of L iÀj;liq for each binary system including the newly determined parameter for the Si-C system is listed in Table 3 . The excess Gibbs energy in the liquid phase of the Fe-Si system was formulated based on the thermodynamic data from Hultgren et al. 6) The equilibrium phase relationship between SiC and Table 3 Thermodynamic parameters describing excess properties of the liquid phase for each binary in the Fe-Si-C system.
Present work the liquid phase in the Fe-Si-C system was then calculated using thermodynamic data for the liquid phase listed in Table 3 , pure elements, 14) SiC 15) and FeSi. 6) The data for bcc and fcc phases were obtained from Miettinen 16) although they need to be reassessed because they do not agree with the activity data of silicon in the bcc phase of the Fe-Si system as measured by Sakao et al.
18) The estimation was done with thermodynamic calculation software (FactSage 5. 5).
The calculated results of the isothermal section of the FeSi-C system at 1523 and 1723 K are shown in Fig. 8(a) and  8(b) , respectively. These diagrams do not represent the solidliquid phase equilibria in the Fe-Si system and thermodynamic properties for solid phases in the system should be revised in combination with activity data. The liquid phase saturated with SiC can be obtained in the iron-rich composition as well as the silicon-rich composition. The magnified fields around the calculated double saturation composition of SiC and graphite at 1523-1723 K are illustrated in Fig. 9 (a)-9(c) together with the experimental results from the previous section. The double saturation compositions for SiC and graphite in the liquid phase at corresponding temperatures are estimated to be Fe-33, 34 and 35 mol% Si, respectively. Despite the solubility of SiC being slightly overestimated at high temperature, probably due to the influence of the ternary interaction on the Gibbs energy, a fairly good agreement was obtained between experiments and calculations. The validity of the estimated equilibrium relationship of the iron-rich liquid phase saturated with SiC in the Fe-Si-C system was thus confirmed.
The validity of the thermodynamic calculation for the phase relationship between graphite and the liquid phase was also examined. Schürmann et al. 19) investigated the equilibrium composition of the liquid phase saturated with graphite in the Fe-Si-C system. The liquidus compositions at 1623 and 1823 K are presented in Fig. 10 together with the calculated liquidus lines. Since the experimental and calculated curves are similar at both temperatures the thermodynamic properties of the liquid phase can be applied to the graphite saturated iron-rich composition.
To optimize the Fe-Si solvent for rapid crystal growth of SiC the temperature dependence of SiC solubility in Fe-Si melts and molten silicon were calculated as shown in Fig. 11 . The solubility of SiC in iron-rich Fe-Si alloy was found to be 100 times higher than in silicon-rich alloys. In addition, a strong temperature dependence is observed for the iron-rich alloy. The Fe-Si melt of Fe-36 mol% Si composition which possesses high SiC solubility is expected to be a suitable solvent for rapid liquid phase growth of SiC.
Conclusion
To design the Fe-Si solvent for the rapid growth of SiC we investigated the equilibrium phase relationship between SiC and the liquid phase in the Fe-Si-C system. The results are summarized as follows:
We measured carbon solubility in molten silicon at 1873 K by equilibration of silicon with SiC to verify previously reported measurements. Thermodynamic properties of the liquid phase in the Si-C system were reassessed based on reliable solubility data. The liquid phase of the Si-C system exhibited regular behavior below 6 mol% C and the regular solution parameter was determined to be 8700 AE 1800 (J/mol).
The phase relationship between SiC and the liquid phase in the Fe-Si-C system was investigated by an equilibration technique at 1523-1723 K. It was found that the Fe-36 mol% Si alloy equilibrates with SiC at these temperatures. The obtained solubilities of SiC in the Fe-36 mol% Si melts were similar to results of the thermodynamic calculation. The calculated results showed much higher solubility of SiC in iron-rich Fe-Si melts than in silicon-rich melts. The Fe-Si melt of Fe-36 mol% Si composition is thus expected to be a suitable solvent for liquid phase growth of SiC. Shurmann et al. 19) 1823 K 1623 K 
